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Efficiency enhancement calculations of state-of-the-art solar cells by luminescent layers with spectral shifting, quantum cutting, and quantum tripling function O. M. ten Kate, 1,2,a) M. de Jong, 1 H. T. Hintzen, 2 Solar cells of which the efficiency is not limited by the Shockley-Queisser limit can be obtained by integrating a luminescent spectral conversion layer into the cell structure. We have calculated the maximum efficiency of state-of-the-art c-Si, pc-Si, a-Si, CdTe, GaAs, CIS, CIGS, CGS, GaSb, and Ge solar cells with and without an integrated spectral shifting, quantum cutting, or quantum tripling layer using their measured internal quantum efficiency (IQE) curves. Our detailed balance limit calculations not only take into account light in-coupling efficiency of the direct AM1.5 spectral irradiance but also wavelength dependence of the refractive index and the IQEs of the cells and the angular dependent light in-coupling of the indirect spectral irradiance. An ideal quantum cutting layer enhances all cell efficiencies ranging from a modest 2.9% for c-Si to much larger values of 4.0%, 7.7%, and 11.2% for CIGS, Ge, and GaSb, respectively. A quantum tripling layer also enhances cell efficiencies, but to a lesser extent. These efficiency enhancements are largest for small band gap cells like GaSb (7.5%) and Ge (3.8%). Combining a quantum tripling and a quantum cutting layer would enhance efficiency of these cells by a factor of two. Efficiency enhancement by a simple spectral shifting layer is limited to less than 1% in case the IQE is high for blue and UV lights. However, for CdTe and GaSb solar cells, efficiency enhancements are as high as 4.6% and 3.5%, respectively. A shifting layer based on available red LED phosphors like Sr 2 Si 5 N 8 :Eu will raise CdTe efficiency by 3.0%. V C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819237]
I. INTRODUCTION
The main limitation for the efficiency of photovoltaic cells is the mismatch between the solar spectrum and the solar cell response. In a single junction device, only photons with energy equal to the band gap of the solar cell can be used optimally. Photons with higher energy lose their excess energy due to thermalization, while photons with energy lower than the band gap of the solar cell cannot be absorbed at all. An additional loss mechanism for solar cells is that the quantum efficiency for the conversion of each absorbed photon into electricity, called the internal quantum efficiency (IQE), is often lower than 1 due to low exciton diffusion lengths, and rear and front surface recombination. Especially, the front surface recombination limits the IQE of solar cells for the high energy photons.
Several approaches have been suggested in order to solve the spectral mismatch problem, either by adapting the solar cell to the solar spectrum or by adapting the solar spectrum to the solar cell. Examples of the former one are tandem solar cells and multiple exciton generation. The latter approach, adapting the solar spectrum to the solar cell, can conveniently be applied to existing solar cells. A spectral shifting layer on top of a cell can increase the solar cell efficiency by converting high energy photons for which IQE is low into lower energy photons for which the IQE is high. Furthermore, efficiency can be increased even further, if the conversion layer does not just shift the photons to a lower energy, but in addition cuts each high energy photon into two lower energy photons that still can be absorbed by the solar cell. 1 Such a layer is called a quantum cutting or downconversion layer.
Since for small band gap cells the efficiency is limited due to large thermalization of the absorbed photons, while for large band gap cells the efficiency is limited due to a reduction in the number of photons that can be absorbed, there will be an optimum in the efficiency as a function of the band gap. This optimum is located at 1.1 eV, as has been calculated by Shockley and Queisser while taking into account the principle of detailed balance. 2 In the model described by Shockley and Queisser, the solar cell is described as a blackbody radiator that absorbs all light above the band gap of the cell and no light below the band gap. In the calculations, the cell has a refractive index of 1 and operates at a temperature of 300 K under illumination of a blackbody with a temperature of 6000 K (the sun). In the absence of non-radiative recombination, the efficiency reaches a maximum, the so-called Shockley-Queisser limit (SQ-limit), of 31% for a cell with a band gap of 1.3 eV.
Based on the model of Shockley and Queisser, Trupke et al. 3 calculated the maximum efficiency of solar cells containing a quantum cutting layer. In these kinds of cells, efficiencies above the Shockley-Queisser limit can be obtained, since the thermalization of high energy photons is reduced by cutting a high energy photon into two lower energy photons. Badescu et al. 4, 5 extended the model by carefully taking into account the influence of the refractive indices of the different layers on the light in-coupling into the solar cell. Thomas et al. recently used these models to calculate the efficiency of a cell with a spectral shifting layer on top. 6 In this paper, the efficiencies of solar cells containing spectral shifting and quantum cutting layers are calculated based on the models of Trupke and Badescu. However, we extend the model by including the IQE curves of different types of existing state-of-the-art solar cells into the calculations, in order to get an understanding whether, and to what extent, spectral conversion layers would improve the efficiencies of existing solar cells. Additionally, we simulate the solar radiation with the AM 1.5 spectrum instead of pure blackbody radiation of the sun, since the AM 1.5 spectrum better describes the solar radiation and because it is used as a standard for measuring solar cell efficiencies. A third difference with previously published papers is that we do not consider the refractive index of the solar cell as a constant, but instead we take account for the wavelength dependency of the refractive index. Additionally, we consider real spectral shifting, quantum cutting, and quantum tripling materials containing lanthanide ions (Eu 2þ , Yb 3þ , Tm 3þ ) as the luminescent centers.
II. THEORY
In Figure 1 , a schematic overview of the photovoltaic device that we consider is shown. It consists of the cell itself, which is called medium 4 with on top of it a spectral conversion layer, which is called medium 3. At the rear side of the cell a back-reflector is present, which is assumed to reflect 100% of the light at all wavelengths. The air surrounding the device is called medium 1. Additionally, the cell has an encapsulation layer (medium 2) on top of the conversion layer. This encapsulation layer represents a glass or plastic material that protects the device from the environment. It is considered to be completely transparent for light of all wavelengths with a refractive index of 1.5.
The maximum efficiency g of the photovoltaic device is given by the maximum electrical power per unit area P e that is generated by the cell divided by the solar total irradiance incident on the device P s , where P e is equal to the product of the current I and the voltage V at the point where the product is at its maximum
The solar cell efficiency depends on the spectral irradiance of the light incident on the device. The efficiency is therefore usually determined using two standardized AM 1.5 spectra (ASTM G173-03), which both correspond to a solar zenith angle of 48.2 . The two spectra define a total hemispherical spectral irradiance that includes both the direct and the indirect radiation, and a direct normal spectral irradiance that only includes the direct and circumsolar radiation. In our calculations, the direct normal spectral irradiance U d is described by a Gaussian fit of the standardized direct normal spectrum. A Gaussian fit of the difference between the total hemispherical irradiance and the direct normal irradiance is used to describe the indirect or diffuse spectral irradiance U i . Both fits are shown in Figure 2 . In the calculations, it is assumed that the indirect spectral irradiance is uniformly distributed over the hemisphere. The integral of the spectral irradiance over all wavelengths k gives the solar total irradiance P s incident on the device:
In order to get an expression for the current through the cell, expressions are needed for the amount of photons that are absorbed in the cell and the amount of photons that are emitted by the cell. The number of photons that are absorbed in the cell (medium 4) per square meter per second is equal to the sum of three contributions: photons from the direct solar radiation, the indirect solar radiation, and photons emitted by the spectral conversion layer (medium 3).
Only photons with energy higher than the band gap of the solar cell are taken into account, since other photons cannot be absorbed and will not contribute to the current. N 1d4, the amount of photons from the direct solar radiation per square meter per second that are transmitted through the conversion layer and that can be absorbed in the cell and contribute to the current, is equal to
Here, h is the Planck constant, c the speed of light, k g the wavelength that corresponds to the band gap energy E g and a 3 the spectral fraction of the light absorbed by the spectral conversion layer. f 1d4 is a factor that describes the fraction of the direct solar radiation that is transmitted via the intermediate layers into medium 4, taking into account the wavelength dependency of the radiation, as well as the refractive indices of the different layers, but neglecting interference effects, as is described in the Appendix. Since a part of the electrons and holes will recombine non-radiatively and therefore not contribute to the current, the factor IQE, which is the internal quantum efficiency of the solar cell, is also included in Eq.
(3). It should be noted that this approach is slightly different than the approach followed by Badescu et al. 4 in which efficiency factors were included to account for the carrier generations and recombinations, while in this work these effects are included in the IQE. Similar as for the direct radiation, the indirect solar radiation N 1i4 that is absorbed in the cell is equal to
where f 1i4 is the factor for the transmittance of the indirect solar radiation into medium 4, as described in the Appendix. Photons that are absorbed in the conversion layer (medium 3) enter this layer either from medium 1 via medium 2 as direct and indirect solar radiation, or from medium 4 due to radiative recombination in the cell. In practice, the contribution of the latter term can be neglected, since the radiation of the cell is primarily at wavelengths at or just above the band gap of the cell and therefore cannot be absorbed by the conversion layer. The amount of photons that are emitted by the conversion layer is determined by the fraction of the incoming photons that are absorbed a 3 and the quantum efficiency of the spectral conversion g em . The amount of photons leaving the conversion layer is therefore equal to
where f 1d3 and f 1i3 are transmittance factors (see Appendix). All photons emitted by medium 3 have to go either to medium 1 (outside the device) or to medium 4. The amount of photons going to medium 4 and contributing to the current is
where f 34 is the fraction of the by the conversion layer emitted photons that reach medium 4 (see Appendix) and IQE av is the average internal quantum efficiency of the solar cell at the energy of the emission of the spectral converter
Here, I em is the wavelength dependent emission intensity of the spectral converter. The number of photons emitted by the cell due to radiative recombination depends on the temperature T c of the cell and the voltage V over the cell and is described by a generalization of Kirchhoff's law of radiation. 2, 3 The photon flux N 41 for the emission of light from medium 4 via medium 3 and 2 to medium 1 is therefore described by
Here, f 41 is a factor that accounts for the transmission of light from medium 4 to medium 1 (see Appendix). Note that the factor (1Àa 3 ) could be omitted since the radiation is primarily at wavelengths that cannot be absorbed by the spectral converter.
The amount of current that can be extracted out of the solar cell is equal to the elementary charge unit q times the amount of minority charge carriers that are collected at the electrodes. The latter is equal to the amount of photons that are absorbed and do not give rise to non-radiative recombination, minus the amount of photons that are emitted by the solar cell. The current through the cell is therefore equal to the sum of the contributions given by Eqs. (3), (4), and (6) minus the contribution given by Eq. (8)
This current is therefore a function of the voltage V. The maximum efficiency is now given by Eq. (1) at the point where IV is at its maximum.
III. RESULTS AND DISCUSSION

A. Solar cell without spectral conversion layer
If the conversion layer (medium 3) and the encapsulation layer (medium 2) are omitted from the calculations, if the refractive index of the cell (medium 4) is 1, and if the internal quantum efficiency of the cell is 100%, the SQ-limit is obtained, with the difference that Shockley and Queisser simulated the solar spectrum with a blackbody spectrum at 6000 K, 2 while in these calculations the AM 1.5 spectrum is used. The SQ-limit as a function of the band gap is shown for sake of completeness in Figure 3 and the SQ-limits for some common solar cells are also shown in Table I . The efficiency is at a maximum of 33.5% at 1.15 eV, which is equal to the band gap of the CIGS cell we use in this paper. Also for the band gaps of crystalline silicon (1.12 eV), GaAs (1.4 eV) and CdTe (1.44 eV), the efficiency is close to the optimum value. For small band gap solar cells like GaSb and Ge solar cells, the SQ-limit is considerably lower, due to the large thermalization of the high energy photons in these cells. For solar cells with larger band gaps, the efficiency limit decreases due to a smaller amount of photons that can be absorbed.
In practice, the refractive index of the solar cell will be larger than one, resulting in a less than 100% efficient incoupling of the light, and as a result lower efficiencies. The wavelength dependency of the refractive index for some common solar cell materials is shown in Figure 4 . By including these wavelength dependent refractive indices in the calculations, the maximum efficiencies of the solar cells drop significantly, especially for those cells with a relatively high refractive index like c-Si and Ge, as is shown in Table I .
Another loss mechanism for existing solar cells is the fact that the IQE is less than 1 and varies with the wavelength of the light. The short wavelength photons are mainly absorbed in the front part of the solar cell and are therefore strongly affected by surface recombinations, lowering the IQE at the low wavelength side. The long wavelength photons on the other hand are also absorbed in the rear part of the solar cell, where rear surface recombinations drop the IQE. In reality, the IQE of one type of solar cell will be different from cell to cell, depending on cell properties like thickness of the layers, and specific processing conditions. Nevertheless, the general shape is the same for one type of cell. Therefore, the IQE curves of some types of solar cells shown in Figure 5 , as obtained from literature, are used as the typical IQE curves for these cells in our calculations. The calculated solar cell efficiencies with these IQE curves are shown in Table I . The relative drop in efficiency due to a non-ideal IQE varies from 10% in GaAs to 33% in CdTe. I. g SQ indicates the SQ-limit for various solar cells with band gap E g with refractive index of 1 under AM 1.5 solar radiation. g ref is the efficiency limit when the refractive index in Figure 4 is taken into account and g iqe is the efficiency when both the refractive index and the IQE ( Figure 5 ) of the cell are taken into account. 11 thin film pc-Si, 12 a-Si, 13 GaSb, 14 and Ge 15 solar cells and (b) IQE curves of CdTe, 16 GaAs, 17 CIS, 18 CIGS, 19 and CGS 20 solar cells.
B. Spectral shifting layer
Since the IQE, which is shown in Figure 5 , decreases at the low wavelength side, a spectral shifting layer positioned on top of the cell which absorbs the low wavelength photons for which the IQE is low and emits photons at a wavelength for which the IQE is at its maximum, could increase the solar cell efficiency. A cell with a single conversion layer and an encapsulation layer, as shown in Figure 1 , will be considered and compared with a cell with a non-converting layer with the same refractive index as the conversion layer. This could represent a comparison between a cell with a SiN x or SiO x index matching layer that has no or a hypothetical spectral shifting function.
In order to calculate the efficiency of a cell with a spectral shifting layer, four different properties of the spectral shifting layer should be considered: the quantum efficiency of the conversion layer g em , the absorptivity of the layer a 3 , the emission spectrum of the layer I em , and the refractive index n 3 . In the ideal case, the quantum efficiency of the spectral shifting layer is equal to 1 and its emission spectrum is a peak function with the maximum at the wavelength for which the IQE of the cell is at a maximum. The absorptivity a 3 of the spectral shifting layer is, ideally, a step function, being equal to 1 for absorption below a certain absorption edge k a and 0 above this wavelength. This corresponds to complete absorption of light below k a and no light absorption above k a . The properties of an ideal spectral shifting layer can then be found by finding the optimal combination of k a and n 3 . These values, along with the corresponding solar cell efficiency, are shown in Table II . The spectral shifting layer will not only enhance the efficiency due to the spectral shifting, but also due to a decrease of the reflectance of the device if the refractive index is in between that of the solar cell and the air. In order to get an understanding of the efficiency increase due to the spectral shifting itself, the efficiencies should be compared with the case in which the device would have a "shifting" layer with the same refractive index, but for which the absorptivity a 3 is 0 for light of all wavelengths, i.e., a transparent layer. These efficiencies g transp are also shown in Table II . Table II shows that an ideal spectral shifting layer would be beneficial for the efficiency of all listed solar cells. However, for all cells the efficiency gain is somewhat limited due to the fact that a certain fraction of the light emitted by the conversion layer will be emitted out of the device instead of in the direction of the solar cell. Although the light will be emitted randomly in every direction, this loss factor will not be as high as 50% since the light incoupling in the direction of the cell (which has a higher refractive index) is better than in the direction out of the cell (where the refractive index is lower). However, still circa 15% of the light is lost, which is equal to 1-f 34 as explained in the Appendix. The combination of this loss factor with the fact that the IQE for the silicon solar cells is still relatively high at the low wavelength side explains why the gain in efficiency is only small for the silicon based solar cells. The usefulness of using a conversion layer for silicon solar cells is therefore limited. On the other hand, the CdTe cell would largely profit from a spectral shifting layer with an absolute increase of 4.6% and a relative increase of 23%. The poor IQE below 10% at wavelengths below 450 nm compensates for the fact that about 15% of the converted light is emitted in the wrong direction. A spectral shifting layer would therefore be very beneficial for CdTe solar cells. Note that for the CdTe solar cell, the emission wavelength and absorption edge of the spectral converter do not necessarily have to be exactly at the optimum values as given in Table II . As can be seen in Figure 6 , for a large range of values the efficiency will be well above 20% and therefore significantly increase the efficiency of the cell.
Since for some solar cells the efficiency gain is relatively small, even for an idealized spectral shifting material, it is useful to know whether an already existing conversion material would still improve the cell efficiency. As an example, we take a layer made out of an orange-emitting Eu 2þ doped Sr 2 Si 5 N 8 phosphor, which has a refractive index of 2.55. 21 This phosphor is known to have a strong absorption in the UV-blue part of the spectrum (see Figure 7) and an efficient emission around 630 nm, depending on the dopant concentration. 22 The Sr 2 Si 5 N 8 :Eu phosphor is commercially used as conversion phosphor for white LEDs and its efficiency is TABLE II. Calculated efficiencies g conv of various solar cells with encapsulation layer (n ¼ 1.5) and an ideal spectral shifting layer with an optimal refractive index n 3 , an optimal absorption edge k a and an optimal emission wavelength k em . g transp is the efficiency of a similar cell, but with a transparent layer instead of a conversion layer. expected to be around 90%. From Figure 7 , it can be seen that the shape of the excitation and the absorption curves are very similar. Therefore, it is assumed that the quantum efficiency is constant over this region. The absorption strength will depend on the thickness of the film. For the calculations, an absorption strength is considered that approaches 100% at 420 nm and drops at longer wavelengths according to the absorption spectrum shown in Figure 7 . The emission spectrum of the Sr 2 Si 5 N 8 :Eu phosphor, as it is used for the calculations, is shown in Figure 7 .
The results of the calculations are shown in Table III . For some cells (c-Si, a-Si, CIS, and CIG), the Sr 2 Si 5 N 8 :Eu conversion layer will decrease the solar cell efficiency as compared to a transparent layer. This can easily be explained, since the efficiency gain was already very small for an ideal conversion layer. In addition, the Sr 2 Si 5 N 8 :Eu conversion phosphor has a tail in the absorption which extends up to 600 nm. At this wavelength, the IQE of these solar cells is already approaching 100%. Therefore, light that would normally be absorbed in the cell will now be absorbed in the conversion layer. As a result, about 15% of the absorbed light is already lost because it is emitted in the wrong direction and another 10% is lost since the quantum efficiency of the conversion is 90%. Furthermore, for the CGS cell, an additional loss is introduced by the conversion layer: a part of its emission (above 700 nm) is at a wavelength for which the IQE of the CGS is already decreasing.
On the other hand, the calculations show that a CdTe or GaSb cell would benefit from the Sr 2 Si 5 N 8 :Eu conversion layer with absolute gains of 3.0% and 1.0%, respectively.
It should be noted that the Sr 2 Si 5 N 8 :Eu phosphor used in the calculations is a phosphor that has not been optimized as a spectral conversion phosphor for solar cells. Phosphors for which the emission wavelength, absorption range, and refractive index are optimized for a specific solar cell, would better approach the efficiencies shown in Table II . The Sr 2 Si 5 N 8 :Eu could, for example, be optimized by the partly substitution of Sr by Ba or Ca or by changing the Eu 2þ concentration. 22, 23 
C. Quantum cutting layer
One of the main limiting factors for the solar cell efficiency is the thermalization of high energy photons. For photons with energy of more than twice the band gap of the solar cell, more than half of the energy is lost. In silicon solar cells, about 21% of the absorbed photons have an energy of more than twice the band gap and in germanium solar cells this is even 54% of the absorbed photons. One way to solve this problem would be the positioning of a quantum cutting layer on top of the solar cell. In such a layer high energy photons, with an energy of more than twice the band gap, are absorbed, followed by the emission of two photons for each photon absorbed with an energy just above the band gap of the solar cell, which therefore both can be absorbed in the cell.
For solar cells with an IQE of 100%, an ideal quantum cutter would absorb all photons with an energy of 2 E g and above, and emit at a wavelength of exactly 1 E g with a quantum efficiency of 200%. In practice, solar cells have an IQE which decreases at longer wavelengths (see Figure 5 ). Therefore, cutting the emission to exactly 1 E g will not be optimal. The emission should therefore be at somewhat higher energy. However, the higher the energy of the emission is, the less photons can be cut, so there will be an optimum energy for the emission of the quantum cutting layer.
In Table IV , the results of the calculations are shown for solar cells with a quantum cutting layer of which both the refractive index and the emission wavelength are optimized. Note that for all cells the efficiency is higher than with a normal spectral shifting layer, but that the largest gains are obtained for the low band gap solar cells. For these cells, many photons have an energy of more than 2 E g . The solar cells with a larger band gap, a-Si and CGS, have not been included in Table V . Their band gaps are too large to be useful in combination with a quantum cutting layer. For silicon solar cells, a Tb 3þ -Yb 3þ doped quantum cutting layer has been proposed. In such a quantum cutting material, 485 nm light is absorbed by Tb 3þ ions and subsequently transferred in one step, via a cooperative energy transfer process, to two neighboring Yb 3þ ions. 1 Due to the transfer process, the two Yb 3þ ions are excited in the 2 F 5/2 excited state, and as a consequence will each be able to decay to the ground state of Yb 3þ with the emission of a 1000 nm photon. Note that this emission is close to the calculated optimal emission wavelength of 950 nm for crystalline silicon solar cells (see Table IV ). Also, the optimum emission wavelengths of the CIGS and CIS cells are close to this Yb 3þ emission.
In practice, the quantum cutting process has some problems that still have to be solved, before a quantum cutting layer could be implemented, such as a poor UV and blue light absorption of the Tb 3þ ions and the high Yb 3þ concentration that is needed for an efficient energy transfer process, but that at the same time quenches the Yb 3þ f-f emission. It is nevertheless interesting to know to what extent a Tb 3þ -Yb 3þ quantum cutter could improve the efficiency once these problems are solved. In the calculations, we therefore assume that there is no concentration quenching and that the conversion layer contains a sensitizer which efficiently absorbs all light below 485 nm and transfers this energy to the Tb 3þ ion, which cuts the photons into 1000 nm photons with a quantum efficiency of 200%. The results of the calculations are shown in Table V . The efficiencies are circa 0.5% lower than for the ideal case due to the fact that the Yb 3þ f-f emission is not exactly at the optimal wavelength and the fact that only light below 485 nm is absorbed, while the light between 485 and 500 could also theoretically be cut to 1000 nm photons. However, the efficiencies are still 2 to 3% higher if a Tb 3þ -Yb 3þ quantum cutting layer is applied.
D. Quantum tripling layer
The advantage of small band gap solar cells is that the absorber materials are able to absorb a large portion of the solar spectrum. However, as a consequence, the energy that is obtained per absorbed photon is limited as a result of the large thermalization of the photons. With a quantum cutting layer, which converts the photons above 2 E g into two photons of 1 E g the thermalization is reduced. However, for cells with very small band gaps like germanium or GaSb cells, a part of the solar spectrum will have an energy above 3 E g . For these cells, a quantum tripling layer, which absorbs the photons above 3 E g and converts each photon into three photons of 1 E g , could be beneficial. The efficiency calculations for solar cells with a quantum tripling layer are shown in Table VI . Although the efficiencies are a significant improvement compared to a cell with a transparent layer, the efficiencies are lower than for a cell with a quantum cutting (doubling) layer. The reason for this is that less photons can actually be cut if a quantum tripling layer is used, in comparison with a quantum doubling layer, and that the solar spectrum is most intense for those wavelengths that cannot be converted anymore with a quantum tripling layer.
Although the quantum tripling layer appears to be less effective than the quantum doubling layer, one could still make use of the benefit of the quantum tripling process if it is used in combination with a quantum doubling process. The two properties could be combined in one layer, or alternatively in two different layers, where light above 3 E g is absorbed by the quantum tripler and light between 2 E g and 3 E g is absorbed by the quantum doubler. If the two properties are combined in one layer, the efficiencies could increase to the values shown in Table VII . As can be seen, such a combined doubling-tripling layer would largely improve the solar cell efficiency.
An example of a luminescent material that could be used for quantum tripling is a Tm 3þ doped material, since cross-relaxation can occur between Tm 3þ ions after excitation in the 1 G 4 level (465 nm) of the Tm 3þ ion. 24 Due to the cross-relaxations, three Tm 3þ ions can get excited in the 3 F 4 level, as is shown in Figure 8 . As a result, three 1750 nm photons can be emitted for each photon absorbed. Note that 1750 nm is above the band gap of GaSb and Ge, so in principle these photons can be absorbed by a GaSb or Ge solar cell. However, a higher IQE would be required at that wavelength than the IQE shown in Figure 5 , in order to make efficient use of a Tm 3þ based quantum tripling layer.
Note that for all calculations in this paper, IQE curves are used of solar cells that were published in literature. Therefore, the IQE curves represent cells that were optimized for functioning under AM 1.5 solar irradiation. As an example, crystalline silicon solar cells had an IQE which was relatively poor for UV and blue light irradiation, but years of optimization nowadays result in crystalline silicon solar cells of which the IQE is still relatively good in the UV and blue. As a result, the efficiency gain by using spectral conversion layers on top of silicon solar cells has decreased. However, for cells with a spectral conversion layer, the optimization of the IQE at low wavelengths becomes unnecessary. Therefore, the extra costs that are needed in order to obtain cells with a high IQE for low wavelengths light could be avoided if a conversion layer is used. Another point that one should consider is that a conversion layer will also change the efficiency of a cell in another way that is not taken into account in the calculations. Due to the conversion layer, the thermalization of high energy photons will now partly take place in the conversion layer instead of in the solar cell itself, which will probably result in a lower cell temperature. And if the temperature of the cell is lower, the efficiency of the cell will increase, since it will decrease the amount of black body radiation from the cell, as can be seen in Eq. (8).
IV. CONCLUSIONS
We have shown that it is important to include the wavelength dependence of the refractive index and the IQE of solar cells to calculate realistic values for the efficiency enhancement of solar cells by the integration of a luminescent spectral conversion layer. With quantum cutting layers, the efficiency is enhanced for all cells considered and ranges from 2.9% for c-Si to 4.0% for CIGS to 7.7% for Ge. Quantum tripling layers also enhance efficiencies of all cells, especially small band gap cells. However, efficiency enhancements are lower compared to quantum cutting layers due to the smaller amount of photons that can be absorbed by a quantum tripling layer. Combination of the quantum tripling and the quantum cutting layer doubles the efficiency of small band gap solar cells like GaSb or Ge. Efficiency calculations of solar cells with and without a simple spectral shifting layer show that for cells like c-Si, with a relatively high IQE at the high energy side, the efficiency enhancement is limited and can even lower the efficiency. For other cells that have a low IQE at the short wavelength side, like for example CdTe, the efficiency enhancement is much larger and even the application of available non-optimized spectral shifting materials like Sr 2 Si 5 N 8 :Eu 2þ can increase efficiency from 19.3 to 22.3%. It would be interesting to take a spectral conversion layer as an integral part of the design and optimization of a solar cell instead of considering such a layer only after the solar cell already has been optimized. 
Here, n ab is equal to n b /n a . Note that this equation is valid for all h a if n ab ! 1, but if n ab < 1 the equation is only valid if h a < arcsin(n ab ). At larger angles s ab ¼ 0 due to total internal reflection. The transmittance of a light ray from medium a, via medium b, to medium c is given by (neglecting any interference effects) 4 s ac ðh a Þ ¼ s ab ðh a Þs bc ðh b Þ s ab ðh a Þ þ s bc ðh b Þ À s ab ðh a Þs bc ðh b Þ ;
where h b is equal to arcsin(n ab sin h a ). Note that s ac will be 0 if either s ac or s bc becomes 0 due to total internal reflection. If both are 0, Eq. (A2) is not valid and s ac will be zero as well. Similarly, the transmittance of a light ray from medium a via media b and c to medium d as a function of h a is given by s ad ðh a Þ ¼ s ac ðh a Þs cd ðh c Þ s ac ðh a Þ þ s cd ðh c Þ À s ac ðh a Þs cd ðh c Þ ;
where h c is equal to arcsin((n a /n c ) sin h a ). The geometrical factor B ab for the transmittance of radiation, in case of an axi-symmetrical source of radiation, from medium a to medium b is given by 4 where d is equal to p/2 in the case of a hemispherical radiation source. When direct solar radiation is considered d is given by the sine of the radius of the sun (0.6955Á10 6 km) divided over the distance from the sun to the earth (149.6Á10 6 km): 0.00465 rad. The fraction of the spectral radiation that is transmitted from medium a to medium b with respect to the fraction of radiation that can be transmitted when the refractive indices of the layers would be the same, is equal to 
The fraction of the radiation that is transmitted from medium a via media b and c to medium d (f ad ) is calculated in a similar way. Radiation emitted by the spectral conversion layer (medium 3) has to be emitted either in the direction of the solar cell (medium 4) or in the direction out of the cell. The transmittance of an unpolarized light ray from medium 3 to medium 4 is then given by T 34 ðh 3 Þ ¼ s 34 ðh 3 Þ s 34 ðh 3 Þ þ s 31 ðh 3 Þ :
Therefore, the fraction of the radiation emitted by the conversion layer that is transmitted to medium 4 is
T 34 ðh 3 Þcos h 3 sin h 3 dh 3 : (A8)
